Abstract Purpose: Non^muscle-invasive bladder cancer is a frequently occurring cancer, with an extremely high recurrence risk. Recurrence detection is based on cytology and urethrocystoscopy. A previous study suggested that a single-nucleotide polymorphism (SNP) array may be effective for noninvasive detection of allelic imbalances in urine. We investigated whether this method is suitable to detect allelic imbalance as an indicator of recurrences in non^muscle-invasive bladder cancer follow-up. Experimental Design: DNA from blood and urine from 158 patients (113 with and 45 without recurrence) was hybridized to the Affymetrix GeneChip Mapping 10K 2.0. Allelic imbalance detection was based on SNPs showing changes from heterozygosity in blood to homozygosity in urine and on automatic analysis of copy number changes using Copy Number Analyser for GeneChip.
Bladder cancer is one of the most frequently occurring malignancies in western countries (1) . More than 95% of all bladder cancers are urothelial cell carcinomas, and in f70% to 80% of urothelial cell carcinoma patients, this disease is confined to the mucosa (stage pTa and pTis) or submucosa (stage pT1; ref. 2) . Based on clinical and pathology characteristics [i.e., number of tumors at diagnosis, tumor diameter, previous recurrence rate, stage, grade, and presence of concomitant carcinoma in situ (CIS)], patients can be classified into different prognostic groups. The best prognostic group has a 5-year risk of recurrences of >30%, whereas the worst prognostic group can have a 5-year risk of recurrence as high as 80%. The 5-year risk of progression to a life-threatening muscle-invasive disease is almost negligible in the best prognostic group but as high as 45% in the worst group (3).
The high risk of (frequent) recurrences and progression to muscle invasion in the worst prognostic group necessitates an active follow-up schedule after initial transurethral resection of the tumor and intravesical chemotherapy or immunotherapy instillations. This follow-up is based on urethrocystoscopy and urine cytology. The European Association of Urology recommends as many as 6 to 15 urethrocystoscopy procedures within 5 years, depending on a patient's risk profile. 7 Although considered the gold standard for recurrence diagnosis, urethrocystoscopy may miss flat lesions, which are relatively aggressive (4). Urethrocystoscopy is also an expensive, invasive, and uncomfortable procedure. Cytology has fairly good sensitivity for high-grade lesions but a very poor sensitivity for low-grade tumors (5, 6) . In addition, the intraobserver and interobserver reproducibility of cytology is known to be poor (7) .
Therefore, there is a clear need for noninvasive diagnostic markers that may replace urethrocystoscopy. These markers should be highly sensitivity, which gives a high negative predictive value so that, in the event of a negative marker, urethrocystoscopy may be avoided. Many urinary tumor markers have been investigated for their ability to detect primary bladder tumors and recurrences, but thus far, none of these markers was found to be highly sensitive and reasonably specific (8, 9) . Almost all of these markers were based on the detection of specific proteins, antigens, or degradation products, but because even low-risk bladder tumors show genomic instability (10, 11) , a different approach to detect bladder tumors may be to identify aberrant nucleic acids in urine.
One way to assess such chromosomal imbalances, without focusing on specific chromosomal regions, is with whole genome single-nucleotide polymorphism (SNP) arrays. Studies using these arrays on tumor material suggest that allelic imbalances can be detected in all bladder tumors (12 -14) . Thus far, only one study has used a microarray harboring 1,494 SNPs (distributed over the whole genome) to detect allelic imbalance in voided urine of patients with a bladder tumor (15) . This study showed almost perfect diagnostic efficacy: all 31 tumor patients had z24 SNPs showing DNA alterations at the time of urine collection. The urine sample from one control with hematuria showed 10 SNPs with alterations. The other 13, including 4 patients with hematuria, did not show allelic imbalance at any marker. This study suggested that a SNP microarray can determine the presence of a bladder tumor more accurately than urethrocystoscopy or cytology. With a cutoff value between 10 and 24 SNPs showing loss of heterozygosity (LOH), sensitivity and specificity of 100% would be reached. In a diagnostic setting where bladder cancer patients usually present with microscopic or macroscopic hematuria, a tumor marker may not easily replace urethrocystoscopy. We anticipated that the noninvasive SNP microarray may be more useful in the follow-up of patients treated for non -muscle-invasive bladder cancer, although the striking diagnostic efficacy of the array may not hold for this indication. We therefore investigated the accuracy of a 10K SNP microarray for the detection of recurrences in patients under follow-up for non -muscle-invasive bladder cancer. A blind evaluation of the presence of allelic imbalance in urine material was done in 113 patients with and 45 patients without a bladder tumor recurrence.
Materials and Methods
Patient collection. Patients in follow-up after treatment for non -muscle-invasive bladder cancer were recruited. Despite the high risk of recurrence among these patients, recurrence is detected in only f10% of all urethrocystoscopy procedures. Because informed consent had to be obtained before the urethrocystoscopy, it was inefficient to only recruit consecutive patients undergoing urethrocystoscopy because this would have led to many participants without a recurrence (f90%). A valid assessment of sensitivity (among f10% of patients with a recurrence) was considered most important. Therefore, to try and circumvent these issues, we oversampled patients with a recurrence by also recruiting patients who were scheduled to undergo a transurethral resection of a bladder tumor. All but four recurrences diagnosed during urethrocystoscopy were verified by histopathology following transurethral resection of the tumor. The remaining four recurrences were considered very low risk by the urologist and were left in situ. After written informed consent, a 10 mL EDTA blood sample and a 50 mL voided urine sample were collected from 193 patients undergoing urethrocystoscopy or transurethral resection of the tumor at any of the three selected hospitals in the Netherlands: the Radboud University Nijmegen Medical Centre in Nijmegen, the Canisius Wilhelmina Hospital in Nijmegen, or the Twente Hospital Group in Hengelo. Blood and urine samples were taken at the same time on the day of urethrocystoscopy or 1 d before transurethral resection of the tumor. Samples were stored at room temperature, and urine samples were immediately fixed in Carbowax A (50% ethanol and 2% polyethyleneglycol). Twice a week, samples were transported to the Department of Human Genetics, Radboud University Nijmegen Medical Centre, for processing and analysis. Detailed patient and tumor characteristics are depicted in Table 1 and Supplementary Table S1 .
Approval for the study was obtained from the institutional review boards of the three participating centers.
Sample preparation. Genomic DNA was extracted from leukocytes in peripheral venous blood as previously described (16), followed by a DNA purification step using the QIAamp DNA Mini Kit (Qiagen). Urine was centrifuged for 20 min at 1,400 Â g to collect cells. The obtained cell pellet was used for DNA extraction with the QIAamp DNA Mini Kit (Qiagen). DNA concentration and quality were examined using a Nanodrop spectrophotometer (Isogen). DNA was also examined for possible degradation using agarose gel electrophoresis.
Microarray analysis. To detect allelic imbalance, paired hybridization of DNA from urine and blood of the same patient was done on Affymetrix GeneChip Mapping 10K 2.0 Arrays harboring 10,204 SNPs. Sample preparation and hybridization were done according to the manufacturer's protocol (Affymetrix, Inc.; ref. 17) . Briefly, 250 ng of DNA were digested using 10 units of XbaI (Westburg) followed by the ligation of universal adaptors to the digested products using T4 DNA ligase (Westburg). Primers complementary to the adaptors were used for the amplification of the digested products. After purification of the products using MinElute plates (Qiagen), a fragmentation was done on
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20 Ag of purified PCR product. Fragmented products were end labeled and hybridized to the GeneChip overnight. Probe arrays were washed and stained using the Fluidics Station 400 (Affymetrix). The GeneChip Scanner 3000 was used to scan hybridized arrays. Automatic SNP calls were generated using GeneChip DNA analysis software (Affymetrix). SNP calls were AA or BB for homozygous SNPs and AB for heterozygous SNPs. In cases where the software was unable to make a call (AA, BB, or AB), the SNP was scored as NoCall. An overview of the SNP call rates in blood and urine is presented in Supplementary Table S1 .
Data analysis. LOH, defined as a SNP score changing from a heterozygous call (AB) in blood to a homozygous call (AA or BB) in urine, was detected by comparing the genotypes from blood and urine of the same patient. This change can be due to the loss of one allele, amplification of an allele, or a genotyping error. However, earlier analyses of duplicate samples with this Affymetrix array showed that the frequency of genotyping errors is negligible. We also defined SNP scores changing from heterozygous calls in blood to NoCall in urine as indicative of LOH because the loss or duplication of an allele is generally not seen in all cancer cells and urine of patients with a recurrence can also contain normal cells. SNPs with a call rate of <90% in blood samples (n = 709) were excluded from further analysis because these SNPs may be difficult to call using this array and might result in SNPs erroneously defined as indicative of LOH.
In addition to the LOH analysis, allelic imbalance was also analyzed using Copy Number Analyser for GeneChip version 2 by comparing blood and urine obtained from the same patient (18) . For the copy number analysis, this software automatically calculates the number of alleles present using a hidden Markov model (18) . Only regions with five or more consecutive affected SNPs were considered as gained or lost (19, 20) .
Mann-Whitney U tests were used to assess the significance of the differences between the numbers of SNPs displaying LOH and between the numbers of SNPs in regions (more than five SNPs) displaying gains and losses in the patients with and without a tumor recurrence. The ability of the SNPs displaying LOH, as well as the number of SNP regions showing gains and losses in the Copy Number Analyser for GeneChip analysis to discriminate between patients with and without a tumor recurrence, was evaluated by receiver operating characteristic curves. The area under the receiver operating characteristic curves and corresponding 95% confidence intervals (95% CI) were calculated using the statistical software SPSS, version 14.0. We repeated all analyses after stratification of recurrences in low-and high-risk tumors. Low risk was defined as pTa grade 1, 2, or 2a. High risk was defined as pTa grade 2b or 3, CIS, pT1, or muscle-invasive tumors.
Results
Patient series. To test the diagnostic efficacy of the microarray approach for bladder tumor recurrence detection, 193 patients were recruited. Six patients were excluded due to missing blood or urine samples. Based on urethrocystoscopy or histology, 46 of the remaining 187 patients were judged to have no tumor recurrence at the time of sample collection. Detailed information about tumor stage and grade is given in Table 1 (additional patient characteristics are provided in Supplementary Table S1 ). For 14 patients with and 1 without a tumor recurrence, we were unable to extract sufficient DNA (>250 ng) from the cells present in urine for array hybridization. Fourteen additional patients with a tumor recurrence were excluded because of insufficient (purified) PCR product from DNA extracted from urine (Table 1) . These 29 samples were processed thrice to exclude technical error and further examination showed that all 29 excluded samples were of LOH analysis. Table 2 gives an overview of the mean changes in genotypes comparing blood and matching urine samples from the same patient. A mean of one SNP showed a genotyping error (conversion from a homozygous genotype in blood to a heterozygous call in urine), confirming that the influence of this type of error on the results of the study is negligible. LOH in the form of a change from a heterozygous call in blood to a homozygous call in urine was observed for a mean of 39 SNPs (0.4%) in patients with tumor recurrence versus 4 SNPs (0.043%) in patients without recurrence. This difference was borderline significant (Mann-Whitney U test, P = 0.07). Furthermore, we found that the frequency of SNPs changing from heterozygous call to NoCall was increased in urine samples of patients with a tumor recurrence (1.3% versus 0.9%). The number of NoCalls was higher in regions where changes from heterozygous to homozygous calls occurred and might therefore indicate LOH. This phenomenon was also previously observed in an earlier study comparing blood and bladder tumor material (12) , and may be attributed to contamination of tumor DNA present in urine with DNA from normal urothelial cells from the bladder wall or normal cells present in a tumor. Copy number analysis. Analysis of the samples using Copy Number Analyser for GeneChip showed many gains and losses in urine from patients with a tumor recurrence. Supplementary Table S2 gives an overview of the regions displaying gains and losses in the individual samples analyzed. It seemed that well-known genomic regions affected in bladder tumors also displayed copy number changes in our patient population (21) . Eighteen (16%) patients with a tumor recurrence displayed a loss of a region of at least five SNPs based on the Copy Number Analyser for GeneChip analysis at 9p21; 11 (10%) patients showed a loss in region 8p11-p21; and 9 (8%) patients showed a loss in the region of TP53 on chromosome 17. In the region of the retinoblastoma gene (RB1) on chromosome 13 and in the 10q24-q26 region, we identified loss of one allele in three (3%) and four (4%) patients with a tumor recurrence, respectively. Patients without a tumor recurrence did not show losses in these regions. We also observed amplifications in regions known to be amplified in bladder cancer: 1q12-q25 Although copy number changes were found in many cases, 22% of the samples of recurrence-positive patients did not display any gains or losses of regions with five or more affected SNPs. By contrast, in a substantial number of samples of patients without a bladder tumor recurrence at the time of sampling (53%), we did observe gains or losses of chromosome parts, although the maximum and mean numbers of SNPs affected were smaller in these samples than in samples of patients with a recurrence. A summary of the number of SNPs displaying gains or losses is depicted in Table 3 . A Mann-Whitney U test showed that the difference between the two groups in the mean number of SNPs (in regions of more than five affected SNPs) displaying copy number changes was statistically significant (P = 0.001). Among patients with tumor recurrences, the mean number of SNPs displaying gains or losses was higher in those with high-risk tumors than in patients with low-risk tumors, although this difference was not significant (Mann-Whitney U test, P = 0.147).
Receiver operating characteristic curve analysis. Receiver operating characteristic curve analysis using the number of SNPs displaying LOH (not shown) resulted in an area under the curve of 59% (95% CI, 49-68%). Evaluation of the ability to detect high-risk recurrences (area under the curve, 62%; 95% CI, 51-72%) and low-risk recurrences (area under the curve, 54%; 95% CI, 43-66%) showed a slightly better discrimination of recurrence positive from recurrence-negative patients for the high-risk recurrences (not shown). Receiver operating characteristic curve analysis using the number of SNPs displaying gains and losses (i.e., regions of five or more affected SNPs) in the Copy Number Analyser for GeneChip analysis (Fig. 1A) resulted in an area under the curve of 67% (95% CI, 58-76%). The analysis performed slightly better, although still unsatisfactory, for high-risk recurrences (area under the curve, 70%; 95% CI, 60-80%; Fig. 1B ) than for low-risk recurrences (area under the curve, 64%; 95% CI, 53-75%; Fig. 1C ). This analysis shows the limited ability of the microarray approach to discriminate between recurrence-positive and recurrencenegative patients. 
Discussion
To our knowledge, this is the first study analyzing the value of the GeneChip Mapping 10K 2.0 Array for the diagnosis of bladder cancer recurrences in urine using a fairly large patient series. We found that the array was not sufficiently sensitive and specific to replace the standard methods of urethrocystoscopy and cytology in the follow-up of bladder tumors (15) .
The suitability of a microarray approach in this follow-up setting critically depends on three assumptions: (a) All bladder cancers are genomically unstable; (b) urine contains a highenough proportion of cancer cells for allelic imbalance detection by microarray; and (c) in patients without a tumor recurrence at the time of sample collection, no allelic imbalance is observed in cells isolated from urine.
At the start of our project, evidence for the first two assumptions was available from the literature. Many studies showed the presence of allelic imbalance in most bladder tumors using polymorphic markers (either repeat polymorphisms or SNPs) or array comparative genomic hybridization (12 -15, 22 -32) .
The presence of cancer cells in a high-enough proportion in urine for microarray-based detection was also suggested in an earlier study (15) and was partly confirmed by our own findings. The number of SNPs displaying LOH and copy number changes was significantly increased in material from patients with a tumor compared with patients without a tumor at the moment of sample collection. Furthermore, the number of SNPs displaying gains and losses was higher in high-risk recurrences compared with low-risk recurrences. Although this difference did not reach statistical significance (P = 0.147) in our study, it is in line with earlier findings (21) . Gains and losses in our study were present in regions known to be affected in bladder tumors (21) . However, we were unable to detect allelic imbalance regions in all urine samples from patients with a tumor recurrence; 22% of the samples showed no regions with gains or losses.
We observed a fairly large number of NoCalls in the urine samples, a phenomenon not observed in a study on voided urine analyzed with an array harboring 1,494 SNPs conducted by Hoque et al. (15) . NoCalls might be caused, in part, by the presence of many normal cells detaching from the bladder lining, outnumbering tumor cells in urine samples. Different software algorithms to call genotypes in our study and the study by Hoque et al. (15) may also explain these differences. As in our study, the group of Ørntoft from Aarhus found that the number of SNPs scored as NoCall was significantly higher in bladder tumor samples compared with blood samples (12, 14) . They attributed this to the presence of normal cells in tumor samples, which interfered with allelic imbalance detection. Another possible explanation for the occurrence of NoCalls might be the presence of incomplete allelic imbalance, with only a fraction of tumor cells showing a specific loss or gain.
Our third assumption is that no allelic imbalance is found in patients without a bladder cancer recurrence at the time of sampling. Indeed, in the case-control study by Hoque et al. (15) , no allelic imbalances were detected in urine samples of nine controls without bladder cancer and allelic imbalance was detected in only one of the five samples from patients with hematuria. We detected regions displaying gains and losses in as much as 53% of the samples without tumor recurrence at the time of sample collection. A major difference with the previous study is that, in our non -muscle-invasive bladder cancer follow-up setting, the nonrecurrence group consisted of patients with a history of bladder cancer whereas the previous study used controls without a history of bladder cancer (15) . It is possible that cells from the bladder lining of patients with a nonmuscle-invasive bladder cancer history harbor allelic imbalances without being detectable by histology or cytology because several studies have shown that histologically normal urothelium and nonmalignant hyperplasias can contain genomic alterations (33, 34) . Furthermore, several studies point to genomic aberrations in normal urothelial cells in patients with a tumor history (35 -38) . In addition, allelic imbalance in the urine of patients without recurrence could be indicative of recurrence that may only be macroscopically diagnosed some months later. To check whether ''false-positive'' urine samples were actually true positives, we followed up 24 patients with a false-positive test result until the next urethrocystoscopy. Only two of these patients seemed to have a recurrence at the next follow-up visit.
The presence of recurrence-positive patients showing no allelic imbalance and recurrence-negative patients showing allelic imbalance suggests that the accuracy of the microarray method for bladder tumor recurrence detection is inadequate for implementation into clinical practice. Receiver operating characteristic analysis confirmed that the GeneChip Mapping 10K 2.0 Array cannot be used as an alternative for urethrocystoscopy in non -muscle-invasive bladder cancer follow-up. In addition to poor diagnostic efficacy, 16% of all collected specimens could not be analyzed because of low DNA content or quality, making it difficult to implement the array as a robust diagnostic tool.
In conclusion, we show that the GeneChip Mapping 10K 2.0 Array is able to assess allelic imbalance in tumor cells in urine. However, the array is not able to accurately discriminate between patients with tumor recurrence and patients without recurrence with high sensitivity and specificity. Therefore, this microarray approach should not be used for the follow-up of patients with non -muscle-invasive bladder cancer.
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